S U M M A R Y Water content within the epididymis of the male reproductive system is stringently regulated to promote sperm maturation. Several members of the aquaporin (AQP) family of water channel-forming integral membrane proteins have been identified in epididymal cells, but expression profiling for this epithelium is presently incomplete, and no AQP isoform has yet been identified on basolateral plasma membranes of these cells. In this study, we explored AQP expression by RT-PCR and light microscopy immunolocalizations using peroxidase and wide-field fluorescence techniques. The results indicate that several AQPs are coexpressed in the epididymis including AQP 5, 7, 9, and 11. Immunolocalizations suggested complex patterns in the spatial distribution of these AQPs. In principal cells, AQP 9 and 11 were present mainly on microvilli, whereas AQP 7 was localized primarily to lateral and then to basal plasma membranes in a region-specific manner. AQP 5 was also expressed regionally but was associated with membranes of endosomes. Additionally, AQPs were expressed by some but not all basal (AQP 7 and 11), clear (AQP 7 and 9), and halo (AQP 7 and 11) cells. These findings indicate unique associations of AQPs with specific membrane domains in a cell type-and region-specific manner within the epididymis of adult animals.
). AQP 6 is permeable to glycerol and anions (Morishita et al. 2004 ), whereas AQP 8 may represent another phylogenetic branch permeable to urea, hydrogen peroxide, ammonia, formamide, and methylammonium (Liu et al. 2006; Bienert et al. 2007; Saparov et al. 2007) .
The more recently defined AQP 11 and 12 in mammals contain poorly conserved asparagine-prolinealanine (NPA) boxes that are signature sequences for other AQPs in the formation of water-permeating pores. AQP 11 and AQP 12 are subgrouped as the AQP superfamily or superaquaporin subfamily (Morishita et al. 2004; Ishibashi 2006a,b; Nozaki et al. 2008) . AQP 11 has 20-29% identity with other AQPs (highest with AQP 8), whereas AQP 12 has low homology with other AQPs (highest with AQP 11). AQP 11 has efficient water channel activity comparable to AQP 1 (Yakata et al. 2007 ). AQP 11 is expressed highest in the testis and moderately in the kidney, whereas AQP 12 is selectively expressed in the pancreas. In the testis, AQP 11 is found in spermatogonia (Morishita et al. 2004 (Morishita et al. ,2005 .
The epididymis, a highly coiled tube connecting the efferent ducts (EDs) to the vas deferens, plays a crucial role in sperm concentration, maturation, transport, protection, and storage (Robaire and Hermo 1988; Hermo and Robaire 2002; Robaire et al. 2006) . Divided into several distinct regions [i.e., the initial segment, caput (head), corpus (body), and cauda (tail)], the epididymal epithelium consists of different cell types that may be present in one (narrow/apical), several (clear), or all regions (principal, basal), with each often showing regionspecific functions and regulatory factors (Hamilton 1975 ; Robaire and Hermo 1988; Hermo et al. 1994; Cornwall et al. 2002; Robaire et al. 2006) . The EDs link the anastomotic rete testis to the initial segment of the epididymis and serve to remove up to 90% of the water coming from the testis. Water is reabsorbed by the epithelial cells of the EDs, and this process concentrates sperm (25-fold increase) as they enter the epididymis (Crabo 1965; Johnson and Howards 1977; Turner and Cesarini 1983; Clulow et al. 1994) . Impairment of water reabsorption in the EDs leads to abnormally diluted sperm, resulting in reduced, or even complete loss of, fertility (Hess et al. 2002) . Thus far, AQP 1, 9, and 10 have been shown to be expressed within non-ciliated cells of the adult EDs, with AQP 1 being localized both apically and basolaterally and AQP 9 and 10 being localized on microvilli (Brown et al. 1993; Fisher et al. 1998; Pastor-Soler et al. 2001; Badran and Hermo 2002; Hermo et al. 2004) .
Considerable fluid reabsorption also occurs in the epididymis as reflected by significant increases in sperm concentration observed in distal epididymal regions and by creation of luminal fluid that is hypertonic (Levine and Marsh 1971; Yeung et al. 1993; Turner 1995) . Several AQPs have already been identified in the adult rat epididymis, albeit with conflicting results. AQP 1 has been localized to myoid cells surrounding epididymal tubules of the initial segment and in endothelial cells of the vascular channels throughout the epididymis (Brown et al. 1993; Badran and Hermo 2002) . AQP 9 is expressed on microvilli of principal cells in all regions of the tubule (Elkjaer et al. 2000; Pastor-Soler et al. 2001; Badran and Hermo 2002) . AQP 3 has been localized to basal cells of the epididymal epithelium (Hermo et al. 2004) as has AQP 8 (Elkjaer et al. 2001) . Recently, RT-PCR analyses have shown mRNA specific for AQP 5, 7, 9, and 11 in epididymal epithelial cells (Da Silva et al. 2006a ). Thus, although many AQPs are clearly associated with the epididymis as a whole tissue (epithelium 1 connective tissue 1 vascular), there remains inconsistencies about the exact cellular distribution of some of these AQPs (e.g., AQP 3 and 8) and no information about the localization patterns of others (e.g., AQP 7 and 11).
Considering embryological similarities of the EDs and epididymis to different segments of the kidney (Hinton and Turner 1988) , where a multitude of AQPs have been identified in a cell type-and segment-specific manner (Verkman 2002) , it seems reasonable to expect that the male reproductive tract might also show similar diversity. Notable in existing descriptions of AQP distribution within the epididymal epithelium is the absence of any reported association of an AQP with the basolateral plasma membranes of principal cells. The purpose of this study therefore was to discover new AQPs in the EDs and epididymis of both immature and adult rats. This was accomplished by RT-PCR, which defined AQP mRNAs in the adult EDs and epididymis. In addition, light microscope (LM) IHC using both peroxidase and fluorescence approaches on tissues mildly fixed with zinc ions (Beckstead 1994) was used to determine the specific cell types, regions, and membrane domains associated with AQP 5, 7, and 11. AQP 9, which has been reported in the EDs and epididymis in previous publications (Brown et al. 1993; Fisher et al. 1998; Pastor-Soler et al. 2001; Badran and Hermo 2002) , was used as a positive control.
Materials and Methods

Animals
The Sprague-Dawley rats used in this study were obtained from Charles River Laboratories (St. Constant, QC, Canada) and were maintained on 12-hr light:dark cycles with food and water provided ad libitum. They were purchased as adults (3-4 months old; 350-450 g) or as young rats (30 days old; 100 g). Experimentation on all animals was performed according to guidelines maintained by the Animal Care Committees of McGill University and the Université de Montréal. tracted in 2.5 ml per tube of Trizol (Invitrogen Canada; Burlington, ON, Canada) using a Polytron (Brinkmann Instruments; Mississauga, ON, Canada). RNA pellets were resuspended in diethyl polycarbonate (DEPC)treated deionized water and stored at 280C. RT-PCR amplifications were carried out with aliquots of total RNA using the Thermoscript RT kit (Invitrogen Canada) as follows: 2 mg of total RNA from each sample was incubated at 65C for 10 min in the presence of dNTPs and oligodT primer. After this, 4 ml cDNA synthesis buffer and 1 ml of each 0.1 M DTT, RNase out, and Thermoscript RT enzyme were added to the mixture and further incubated at 55C for 1 hr and then at 85C for an additional 5 min. One ml RNase H was added to each reaction tube, which were incubated again for 20 min at 37C. PCR was carried out using the Hot Start PCR kit (Qiagen; Mississauga, ON, Canada) by adding 2 ml of the RT product to a tube containing 4 ml dNTPs, 0.25 ml Taq polymerase, 5 ml 103 PCR buffer, and 1 ml of each appropriate forward and reverse primers specific for AQPs 1-9 (Table 1) . Twenty-five cycles of PCR were performed with a primer annealing temperature of 55C and an elongation temperature of 72C. Aliquots of reaction mixture (8 ml) were loaded onto 1.8% agarose gels, electrophoresed, and stained with ethidium bromide. Controls for these reactions included (a) using standard oligonucleotide probes for the general housekeeping protein, glyceraldehyde-3-phosphate dehydro-genase (GAPDH), (b) using RNA extracted from rat kidney, and (c) running reactions without an RT step.
Tissue Preparation for LM
Initial experiments were carried out using EDs and epididymal samples obtained from 16 adult rats. The tissues from eight rats were fixed in situ by perfusion with Bouin's (n54) or Ste. Marie's (n54) fixative through the abdominal aorta, whereas tissues from the other eight rats were rapidly dissected from anesthetized rats and immersed in either Bouin's (n54) or Ste. Marie's (n54) solution (95% ethanol, 1% acetic acid) as described previously (Cyr et al. 1999) . Preliminary experiments with this material indicated that one or both fixatives were suitable for immunolocalizations of AQP 5, 9, and 11 but not AQP 7. Consequently, a third group of eight adult and two immature (100 g) male rats were fixed with the IHC Zinc Fixative solution from BD Biosciences (Cat 550523; BD Biosciences, Mississauga, ON, Canada). Of the eight adult rats, four were fixed by perfusion for 10 min with the zinc fixative, after which samples were removed and immersed in fresh fixative for an additional 2 hr at room temperature. The tissues from the other four adult rats and the two 100-g rats were removed quickly and immersed for 2 hr in zinc fixative at room temperature. Immersion fixation in some cases was enhanced by microwaving for periods of 4 min in six cycles as described by Laboux et al. (2004) . All tissues were subsequently placed in alcohol for several days before being dehydrated and embedded in paraffin. Paraffin sections were cut at a 5-mm thickness and mounted on "Posi-Plus" slides (Fisher Scientific Company; Ottawa, ON, Canada).
IHC
Rabbit polyclonal primary antibodies against AQP 5 (cytoplasmic region) were purchased from Calbiochem (Cat 178615; EMD Biosciences, La Jolla, CA), for AQP 7 (N-terminal), AQP9 (C-terminal), and AQP11 (C-terminal) from Alpha Diagnostics (Cat AQP71-A, AQP91-A, AQP115-A; Alpha Diagnostic International, San Antonio, TX), and for AQP 7 from Santa Cruz (residues 169-269 as R-101, Cat sc-28625; Santa Cruz Biotechnology, Santa Cruz, CA) and FabGennix (Cterminal, Cat AQP7-701AP; FabGennix, Frisco, TX). Negative controls for all experiments (data not shown) consisted of substituting PBS for primary antibody or incubating sections in preimmune serum or an affinitypurified normal IgG fraction diluted at the same concentration as that used for a given primary antibody.
For some experiments, aliquots of primary antibody were preincubated for 1 hr with a 1000-fold molar excess of the specific peptide used to elicit the antibody (e.g., AQP71-A antibody from Alpha Diagnostic incubated with its AQP71-P blocking peptide).
Peroxidase Method. Sections of Bouin's-and Ste. Mariefixed tissues were deparaffinized with Histoclear (Fisher brand 22-143975; Fisher Scientific, Ottawa, ON, Canada) and rehydrated in a series of 100%, 100%, 95%, 80%, 70%, and 50% ethanol solutions, 0.3 M glycine, and PBS. During hydration, residual picric acid was neutralized by using a 70% ethanol solution containing 1% lithium carbonate for tissues that had been fixed with Bouin's. Antigen retrieval was accomplished by boiling sections in a microwave at full power for 2-3 min in 0.1 M citrate buffer, pH 6.0, followed by heating for 7 min at 60% power of the microwave. Immunostaining was performed with the Envision 1 System-HRP (DAB) anti-rabbit Kit (Cat K4010; Dako Canada, Mississauga, ON, Canada) as per manufacturer's instructions and using a washing buffer solution containing 0.05 M Tris, 0.3 M NaCl, and 0.1% Tween 20, pH 7.4. Dilutions for each primary antibody were as follows-AQP 5, 1:20; AQP 7 (Santa Cruz), 1:30; AQP 9 and 11, 1:100-all of which were incubated at 37C for 1.5 hr. The sections were counterstained for 1 min in a 1:5 diluted solution of 0.1% methylene blue and 0.1% thionin, washed, and quickly dehydrated through graded ethanols to Histoclear. Coverslips were mounted on slides with Permount.
Fluorescence Method. Sections were deparaffinized in hexane (Fisher Scientific) , rehydrated in a graded ethanol series, and washed in distilled water followed by 50 mM Tris-buffered saline (TBS), pH 7.4. In some cases (mostly for AQP 11), antigen retrieval was carried out by heating sections for a total of 15 min at 85-95C in 10 mM sodium citrate buffer (pH 6.0) containing 0.1% Tween 20 (Sigma-Aldrich Canada; Oakville, ON, Canada). Sections were washed in TBS containing 0.1% Tween 20 (TBST) and incubated for 30 min with a casein blocking solution (Dako Canada). Sections were incubated for 3 hr at room temperature with a primary antibody diluted at 1:20 (anti-AQP 5), 1:30 (anti-AQP 11), or 1:50 (anti-AQP 7 from all three suppliers and anti-AQP 9) in TBS. In some cases, incubations were done using tissues other than EDs or epididymis as positive (e.g., salivary gland for AQP 5) and negative (e.g., enamel organ of tooth for AQP 7 and 11) controls. In other cases, incubations were done with blocking peptides as additional positive/negative controls. Sections were washed with TBST, blocked for 20 min in a casein solution, and incubated for 30 min at room temperature with Alexafluor 594-labeled goat anti-rabbit IgG antibody (Invitrogen Canada) diluted 1:500 in TBS. Samples were washed with TBST, rinsed in TBS, and counterstained for 1-3 min at room temperature with 300 nM 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI; Invitrogen Canada) in TBS. Samples were rinsed in TBS, and coverslips were mounted using Prolong Gold antifade reagent (Invitrogen Canada). Sections were examined and photographed on a Zeiss Axioskop 2 motorized light microscope equipped with variable intensity FluorArc epifluoresence mercury lighting and AxioCam HR color digital camera (Carl Zeiss Canada; Montreal, QC, Canada).
Results
RT-PCR of AQPs
Using specific oligonucleotide primers to amplify mRNAs for AQP 1-9 (Table 1) , we determined which of these were present in the adult rat epididymis. RT-PCR showed mRNA for AQP 1, 3, 5, 7, and 9, corresponding to expected band lengths of 335, 228, 388, 397, and 296 bp, respectively (Table 1; Figure 1 ). ED cDNA am- Figure 1 Ethidium bromide-stained agarose gels illustrating amplification fragments detected by RT-PCR (Table 1) for aquaporin (AQP) 1, 3, 5, 7, and 9 (positive control) in adult rat epididymis and for AQP 7 and 9 in efferent ducts.
plified by RT-PCR showed three transcripts at 249 and 296 bp indicative of AQP 1 and AQP 9, respectively (controls), and a band at 397 bp indicative of an AQP 7 transcript (Table 1 ; Figure 1 ).
LM Immunolocalizations of AQPs
Overview. In broad terms, the most consistently intense and uniform immunostaining in the EDs and epididymis irrespective of fixative type was obtained with anti-AQP 9. This contrasted with anti-AQP 5, which gave consistent results only in tissues fixed with Ste. Marie's solution, and anti-AQP 7 (Santa Cruz), which gave strong principal cell membrane reactions only in zinc-fixed tissues. Anti-AQP 11, like anti-AQP 9, did not appear sensitive to fixation, but adequate immunostaining was obtained only after antigen retrieval.
Immunolocalization of AQP 5. Consistent with findings from RT-PCR (Table 1 ; Figure 1 ), the epithelium of the EDs were negative for AQP 5 (Figures 2A and 2C ) as were epithelial cells of the initial segment (Figures 2B and 2D) and caput regions of the epididymis (data not shown) in young and adult rats. In the corpus and cauda epididymis of young and adult rats, immunostaining was observed primarily over apical and supranuclear domains of principal cells, although not all principal cells in these regions appeared reactive ( Figures 3A-3F ). In the corpus epididymidis, randomly reactive principal cells showed intense staining over their apical cytoplasmic domains ( Figures 3A and 3D ). Many more principal cells appeared reactive within the cauda epididymidis, where they showed by fluorescence intense, punctuate cytoplasmic immunostaining that often included apical, and supranuclear domains ( Figures 3B and 3C ). The reaction was more uniform and diffuse with the peroxidase method ( Figures 3E and 3F ). Microvilli of principal cells throughout these regions appeared unreactive in both young and adult rats. No reaction was observed in any region over narrow, basal, clear, or halo cells. Spermatozoa in the epididymal lumen were unreactive, as were myoid cells and cells of the intertubular spaces ( Figures 2C, 2D , and 3).
Immunolocalization of AQP 7. Zinc-fixed EDs and epididymal tissues were overall very reactive with the R-101 AQP 7 antibody from Santa Cruz in both young and adult rats ( Figures 2E-2H and 4) . A unique feature of immunolocalizations with this antibody was that the sites on plasma membranes where this protein was localized in principal cells changed in progressing from proximal to more distal regions of the epididymis (Figures 2E-2H and 4) . The EDs of young rats showed intense immunostaining over microvilli of their epithelial cells and occasional staining of basolateral plasma membranes and cytoplasm ( Figure 2E ). This was in contrast to the EDs of adult rats where the epithelium appeared essentially unreactive for AQP 7, although there was sometimes the impression of patchy reactions in its basal area and over myoid cells ( Figure 2G ). The proximal initial segment of the epididymis was weakly reactive or negative for AQP 7 over microvilli and basal areas of principal cells in young and adult rats ( Figures 2F and 2H ). Relatively uniform immunostaining for AQP 7 began in the distal initial segment of both young and old rats and continued through the caput to the cauda epididymidis in a plasma membranespecific manner (Figure 4 ). In the distal initial segment and caput epididymidis, the most intense immunostaining was observed over the lateral plasma membranes of principal cells, with virtually all cells being reactive (Figures 4A, 4B, and 4I ). Immunostaining was also evident over basal plasma membranes of a few principal cells ( Figures 4A and 4B ). In the corpus epididymidis, immunostaining for AQP 7 was seen as isolated, intense bands over the apical plasma membrane of some principal cells, whereas most principal cells showed immunostaining only along their basal and occasionally lateral plasma membranes ( Figure 4C ). In the cauda region, some principal cells showed an apical cytoplasmic reaction, whereas most principal cells showed immunostaining in the area of their basal plasma membrane ( Figures 4D, 4E, 4J, and 4K) . The microvilli of the majority of principal cells in all regions appeared unreactive for AQP 7 (Figure 4) . Many, but not all, basal cells showed immunostaining along their plasma membranes ( Figures 4F-4H ) as did many, but not all, halo cells ( Figures 4A and 4F ). Immunostaining was also evident along the lateral, and sometimes basal, plasma membranes of some clear cells (Figures 4G, 4J, and 4K ). AQP 7 expression was also detected in the mid pieces of the tails of spermatozoa filling the lumen of all epididymal regions in adult rats ( Figures 4A and 4C-4E ). There was also strong immunostaining of myoid cells enveloping the periphery of epididymal tubules extending from the proximal initial segment ( Figure 2H ) to the cauda epididymidis ( Figures 4A-4E) , with the latter being more strongly immunostained ( Figure 4A versus 4D). The testis used as a positive control for AQP 7 expression showed immunostaining over the cytoplasm of elongating spermatids and their flagella (data not shown), in agreement with distributions reported by previous investigators (Ishibashi et al. 1997; Suzuki-Toyota et al. 1999; Calamita et al. 2001) . Unexpectedly, the AQP 7 N-terminal synthetic peptide antibody from Alpha Diagnostics showed only a patchy apical cytoplasmic reaction over principal cells in the cauda ( Figure 4L ). This reaction was eliminated when the antibody was coincubated in the presence of its specific peptide ( Figure 4M ) but not when it was coincubated with an unrelated synthetic peptide of similar length ( Figure 4N ). The AQP 7 C-terminal antibody from FabGennix showed no immunostaining for AQP 7 in zinc-fixed epididymal tissues ( Figure 4O ).
Immunolocalization of AQP 9. The EDs and epididymis of young and adult rats were intensely immunoreactive for AQP 9 ( Figures 2I-2L and 5 ). In the EDs of young rats, intense immunostaining for AQP 9 was evident on microvilli of the non-ciliated cells ( Figure 2I ). In the epididymis of young rats, microvilli of principal cells in the initial segment of the epididymis were weakly reactive ( Figure 2J ), and reactivity was weak to moderate in the caput region ( Figure 5B ) and became very strong again in the corpus and cauda regions (data not shown). Adult rats, in contrast, showed intense immunostaining for AQP 9 on microvilli of non-ciliated cells in the EDs and initial segment of the epididymis (Figures 2K and 2L) , as well as strong, although somewhat patchy, immunostaining of microvilli in the caput and corpus regions followed by very intense immunostaining of microvilli in the cauda region ( Figures 5A and 5C-5E ). Throughout the epididymis from caput to cauda regions, the occasional group of principal cells showed basal and slight lateral plasma membrane immunostaining for AQP 9 (Figure 5C , inset), and in some rare cases, basal cells appeared highly immunoreactive (Figure 5G ). In the corpus and cauda regions, some sections were found where the cytoplasm of clear cells showed strong immunostaining for AQP 9 ( Figure 5C ), although in the majority of cases, clear cells appeared unreactive (Figures 5D, 5E , and 5H) as did halo cells ( Figure 5F ) in all regions of the epididymis. There was no reaction over spermatozoa in the lumen, myoid cells, or cells of the intertubular space.
Immunolocalization of AQP 11. AQP 11, like AQP 9, appeared to be localized primarily to microvilli of principal cells, especially in the more distal caudal regions of the epididymis (Figure 6 ). However, unlike AQP 9, immunolocalizations of AQP 11 in young and old rats were distinctly different in the EDs and proximal regions Figure 2 Light micrographs of efferent ducts (EDs; columns 1 and 3) and initial segment of the epididymis (IS; columns 2 and 4) in young rats (Y; columns 1 and 2) and adult rats (A; columns 3 and 4) in zinc-fixed tissues immunostained for AQP 5 (A-D), AQP 7 (E-H), AQP 9 (I-L), and AQP 11 (M-P) by fluorescence method. Differences in the intensities of immunostaining between young and adult rats are evident in EDs for AQP 7 and 11 and in IS for AQP 9. E, epithelium; IT, intertubular space; Lu, lumen; Mv, microvilli; n, nuclei; P, principal cells; arrows, weak reactions along the base of the epithelium; circle, reactive sperm. Bars: A-P 5 40 mm; inset 5 10 mm. of the epididymis (Figures 2M-2P ), and this antigen proved the only instance where results by the peroxidase visualization method suggested more extensive expression of AQP 11 across the epididymis than was indicated by the fluorescence approach, which indicated mostly caudal expression for AQP 11 in young and adult rats ( Figures 6A, 6C, and 6D ). In addition, relatively intense immunolocalizations of AQP 11 were obtained in zinc- fixed tissues taken directly from young rats ( Figures 2M  and 2N) , whereas it was necessary to do antigen retrieval on sections of zinc-fixed tissues to adequately immunolocalize AQP 11 in adult rats. In the EDs of young rats, strong immunostaining for AQP 11 was evident on microvilli ( Figure 2M ), but the reaction became absent or reduced to small focal cells in adult animals ( Figure 2O and inset). In the epididymis of young and adult rats, microvilli of principal cells showed only very weak and patchy immunostaining for AQP 11 in the initial segment of the epididymis (Figures 2N and 2P ) and caput region ( Figures 6A and 6B) , little to no immunostaining on microvilli in the corpus region ( Figure 6C) , and then increased strongly and more uniformly approaching more distal regions of the cauda (Figures 6D and 6G-6I) . Although rare, some basal and halo cells were weakly immunoreactive for AQP 11 (Figures 6E and 6F) . Clear cells were consistently unreactive (Figures 6C, 6D , and 6G-6I), and no reaction was seen over myoid cells, luminal contents, or cells of the intertubular spaces of the entire epididymis ( Figure 6 ).
Discussion
Results from this study agree with conclusions reached by a number of investigators that epithelial cells of the epididymis simultaneously express many AQPs to facilitate movement of water as part of the sperm transport and maturation process Da Silva et al. 2006b ). This includes AQP 5 and 9 by principal cells and AQP 3 by basal cells (Brown et al. 1993; Fisher et al. 1998; Elkjaer et al. 2000 Elkjaer et al. ,2001 Pastor-Soler et al. 2001; Zhou et al. 2001; Badran and Hermo 2002; Hermo et al. 2004; Da Silva et al. 2006a ). Our findings expand this list to include AQP 7 and AQP 11 by principal cells and some basal cells and AQP 7 and AQP 9 by some clear cells (Table 2 ). In addition, transient halo cells passing into and through the epithelium also frequently express AQP 7 and occasionally AQP 11 (Table 2) . Our RT-PCR results agree with Da Silva et al. (2006a) that AQP 6 and 8 are not expressed in adult rat epididymis, but in contrast to Da Silva et al. (2006a) , we found expression of AQP 3 in the epididymis (Table 1) . It should be noted that at the time this study was done, we did not have suitable primers for rat AQP 11 and for this reason do not have RT-PCR data for AQP 11 (Table 1) . However, Da Silva et al. (2006a) reported that AQP 11 is expressed in the epididymis of adult rats by RT-PCR, which is consistent with our LM IHC findings of moderate and uniform immunostaining on microvilli of principal cells especially within the cauda region of the epididymis (Table 2) . Western blot analyses have confirmed the presence of AQP 5, 7, and 9 proteins in adult epididymis (Pastor-Soler et al. 2001; Da Silva et al. 2006a) .
Results from this study also indicated that epithelial cells of the EDs, the narrow and highly coiled tubule that connects the rete testis to the epididymis, likewise express many AQPs including AQP 7 and 11 in young rats (Tables 1 and 3; Figure 2 ), in addition to the already well-defined expression of AQP 1 and 9 in young and adult rats and AQP 10 in adults (Brown et al. 1993; Fisher et al. 1998; Pastor-Soler et al. 2001; Zhou et al. 2001; Badran and Hermo 2002; Hermo et al. 2004 ). In adults, AQP 1, 9, and 10 are all localized to microvilli, and AQP 1 is additionally distributed along basolateral plasma membranes. AQP, aquaporin; NP, cell type is not present; A, reaction is on apical plasma membrane; BL, reaction is on basal/lateral plasma membrane; B, reaction is on basal plasma membrane; Mv, reaction is on microvilli; L, reaction is on lateral plasma membrane; PC, punctate cytoplasmic; AS, apical/supranuclear cytoplasmic; C, cytoplasmic; R, a rare cell is reactive. 2, unreactive; 1/2, some cells are reactive, others are not; 11, all cells show intense reaction; 1, all cells show moderate reaction; 11/2, more cells are reactive than unreactive; 1/22, more cells are unreactive than reactive; 11 → 1, reaction decreases from proximal to distal caput; 1 → 11, reaction increases from proximal to distal corpus.
Fig-
ure 2 suggests that some AQP 11 may also be present on microvilli but AQP 7 is clearly absent, or only very weakly expressed, in the epithelium of the EDs in adult rats. This suggests that the strong AQP 7 expression detected by RT-PCR in whole homogenates of EDs in adult rats (Table 1 ) arises in part from a carryover of spermatozoa in the lumen, which together with myoid cells enveloping the tubules, are both strongly AQP 7 positive ( Figure 2 ). We were initially very surprised to find strong microvillar immunostaining for AQP 7 and 11 in the epithelium of the EDs in young rats and their relatively low expression (AQP 11) or complete absence (AQP 7) in the epithelium of the EDs in adult rats (Figure 2) . This is somewhat the opposite of what one might expect on a functional basis considering that spermatozoa are not fully developed in the testis or present in the lumen of the EDs in the young animals (Hermo et al. 1992) . Irrespective of the issue of the absence/presence of sperm in the lumen, it is of interest that the microvilli of epithelial cells forming the EDs are associated with exactly four AQPs in both young [AQP 1, 7, 9 (moderate) , and 11 (moderate)] and adult [AQP 1, 9 (intense) , 10, and 11 (weak)] animals. It is further of interest that, in both cases, two of the AQP isoforms expressed are highly selective water channels (AQP 1 and 11), and the others are from the aquaglyceroporin subfamily (AQP 7, 9, and 10): permeable, as noted in the Introduction, not only to water but also to a variety of small uncharged molecules such as glycerol and urea. This emphasizes the importance and substantial redundancy that exists in the EDs in the capacity to transport water and small solutes like glycerol, as well as draws attention to the likelihood of subtle differences in the types and amounts of molecules that are being moved in the EDs before and after sperm start entering the epididymis from the testis.
Figures 3-6 document that these subtle differences apply equally to the types and spatial distributions of AQPs expressed by principal cells in the adult epididymis, which are strikingly different in the proximal, middle, and distal segments of this tubular system (Table 2) . For example, the proximal initial segment of the epididymis is associated primarily only with AQP 9, which is located on microvilli. In the caput epididymidis, AQP 9 is also located on microvilli along with AQP 7 along lateral plasma membranes of all principal cells. In the corpus, AQP 9 remains on microvilli, but AQP 7 shifts to a more basal and less lateral distribution, and AQP 5 appears within the apical cytoplasm in what likely corresponds to membranes of endosomes (Table 2) , similar to what has been described for AQP 5 in airway epithelium (Sidhaye et al. 2005) . It is in the cauda region and especially in its more distal areas where expression of AQPs appears the greatest, suggestive of major movement of water in this region compared with more proximal regions ( Table 2 ). This includes AQP 9 supplemented with AQP 11 on microvilli, AQP 9 cytoplasmically in some clear cells, AQP 7 on basal and occasional apical plasma membranes of principal cells, as well as along basal and/or lateral plasma membranes of some clear cells, AQP 5 in endosomes of some principal cells, and AQP 7 in plasma membranes of many basal cells and halo cells. In addition, basal cells express AQP 3 in all regions of the epididymis (Hermo et al. 2004 ). Collectively, this adds up to massive potential for movement of water and/or small uncharged molecules throughout the epididymis and especially within the distal cauda.
Such redundancy in expression of AQPs within the epididymis (and EDs) is presumably in part a means to ensure that dysfunction of any one AQP will not shut down the capacity of this epithelium to transport water and maintain ionic fluid balances at levels that are optimum for sperm transport, maturation, and storage. This is clearly shown by findings from several studies that knockout mice for individual AQPs such as AQP 1, AQP 7, or AQP 9 seem to have little effect on fertility in homozygotes (Zhou et al. 2001; Rojek et al. 2007; Sohara et al. 2007 ). AQP 11 knockout mice have been difficult to assess in this regard because they die progressively from 10 days to 2 months, making fertility estimates unreliable (Morishita et al. 2004 (Morishita et al. ,2005 .
A key aspect of this study was the fortuitous discovery that the epididymis was tolerant of immersion/ perfusion fixation with zinc ions, which is not often the case for many tissues (e.g., the testis does not fix well and small intestine deteriorates badly sitting in this solution). Although introduced in 1994 by Beckstead, zinc fixative has not received wide recognition or use in biology. It has served mostly as an alternate method for preparing small biopsies for pathological analyses, and in recent years, it has been promoted as an "improved" approach for preserving DNA and RNA for microarray PCR and real-time PCR analyses (Wester et al. 2003; Benavides et al. 2006; Lykidis et al. 2007) . Little is presently know about how this fixative works, because it is merely a mixture of two zinc salts in the 23-to 37-mM range with ?3 mM calcium acetate in 80 mM Tris buffer at pH 7.4 (Beckstead 1994; com- mercial product sold by BD Biosciences). Proteins do not chemically cross-link in this fixative, but the tissues remain soft and pliable. No special precautions have to be taken, however, regarding temperature for handling or storage, and the postfixed tissues seem to remain very stable in paraffin blocks or as cut sections on glass slides. The problem with the zinc fixative is that only a limited number of whole tissues preserve well enough to be acceptable for microscopic purposes, with the EDs and especially the epididymis being among these exceptions.
As noted earlier, we experienced considerable problems trying to localize AQP 7 with the Santa Cruz antibody in the EDs and epididymis of samples fixed by conventional methods including Bouin's and Ste. Marie's solutions. We initially observed in tissues processed with these fixatives that anti-AQP 7 immunoreactivity appeared localized exclusively to elongating spermatids in the testis and spermatozoa in the lumens of the epididymis as reported by others (Ishibashi et al. 1997; Suzuki-Toyota et al. 1999; Calamita et al. 2001 ). However, because both this study using whole epididymal extracts and the study of Da Silva et al. (2006a) using epididymal epithelial cells isolated by laser capture detected mRNA for AQP 7 by RT-PCR and translated protein by Western blotting (Da Silva et al. 2006a) , it seemed reasonable to conclude that AQP 7 expression is endogenous to the epididymal epithelium but the protein itself is extremely sensitive to fixation and/or antigen masking. The spatially complex and very strong immunolocalizations obtained with the anti-AQP 7 antibody from Santa Cruz from caput to cauda regions after mild fixation with zinc ( Figure 4) suggest that extensive expression of AQP 7 occurs throughout most of the epididymis. We feel this conclusion is validated by findings that anti-AQP 9 antibody localizes in zinc-fixed epididymal tissues in a manner identical to distributions reported by many investigators using many different fixatives and immunostaining methods (Elkjaer et al. 2000; Pastor-Soler et al. 2001; Badran and Hermo 2002) .
However, it is also evident from the widely varying results obtained with each of the three commercial antibodies to rat AQP 7 tested in this study (Figure 4 ) that there are factors other than sensitivity to fixation influencing immunolocalizations of this protein in paraffin sections. Of the antibodies used, the one from Santa Cruz is the closest to representing a "whole protein," antibody with its immunogen (R-101) comprising a very long 101 amino acid sequence from residue 169 to the C-terminal end of rat AQP 7. The other two are synthetic peptide antibodies raised against short sequences (?18 amino acids) at the N-terminal (Alpha Diagnostics) and C-terminal (FabGennix) ends of rat AQP 7. Because of its length and extreme cost to produce, Santa Cruz does not offer a blocking peptide for the R-101 antibody, and it was for this reason that we tried the synthetic peptide antibodies that both have blocking peptides available as shown in Figures 4L  and 4M (for the N-terminal antibody). It is not surprising that the R-101 antibody gave better overall results compared with the shorter synthetic peptide antibodies, because such an outcome can happen and is not unique to AQP 7 (Craig et al. 1998) . What is surprising is that neither of the synthetic peptide antibodies showed lateral or basal reactions characteristic of the R-101 antibody, and the C-terminal antibody was completely negative for AQP 7 in epididymis. Such results not only provide a good example of problems that can arise in trying to show certain antigens with synthetic peptide antibodies, but they also indicate that the three-dimensional conformational folding of AQP 7 is likely very critical to its antigenicity and is different in the membrane spanning region compared with its N-and C-terminal ends (Craig et al. 1998) .
One distinct advantage of working with multiple antibodies in the same study is that they can serve as their own internal antigen specificity controls when they localize to different cellular domains or in distinctly different global distribution patterns as was the case for every antibody used in this study (Table 2 ; Figures 2-6 ). Nevertheless, potential cross-reactivity is always an important issue, especially for synthetic peptide antibodies. Based on sequence information provided by the companies that manufactured the antibodies used and using alignment tools and reference sequences for rat AQPs available at NCBI (www.ncbi. nlm.nih.gov), we estimate there is a very low probability that the anti-AQP 5 antibody has much potential to cross-react with AQP 7, 9, or 11 or that the anti-AQP 9 antibody reacts against AQP 5, 7, or 11. The same low potential for cross-reactivity applies for the anti-AQP 7 antibody (Santa Cruz) against AQP 5 or 11 and for anti-AQP 11 antibody against AQP 5 or 7. However, based on sequence similarities, there is a 65% chance that the anti-AQP 11 antibody could react against AQP 9 as well as a 72% chance that anti-AQP 7 antibody (Santa Cruz) could react against AQP 9. It is on this basis we conclude that some of the weak immunoreactions seen occasionally on microvilli with the anti-AQP 7 antibody (Santa Cruz) and at some more proximal sites in the epididymis with the anti-AQP 11 antibody could be caused by cross-reactivity of these antibodies with AQP 9 antigen, which is associated with microvilli throughout the epididymis. There is no question-based on RT-PCR findings and the extremely strong immunoreactions detected with anti-AQP 7 antibody (Santa Cruz) at sites not associated with AQP 9, and the strong immunoreactivity seen on microvilli of principal cells in the distal cauda with anti-AQP 11 antibody-that these two sets of data result from anything other than recognition of a specific antigen (AQP 7 or AQP 11) by a reasonably specific antibody (anti-AQP 7 or anti-AQP 11).
In summary, this study showed a diverse and varied cell type-and region-specific expression for AQP 5, 7, 9, and 11 in the EDs and epididymis of young and adult rats. The data also showed localizations to specific membrane domains, including microvilli and apical, lateral, and basal membranes, as well as endosomes. These results suggest that the EDs and epididymis, like the kidney, have built in safeguards to ensure maximum efficiency, redundancy, and selectivity in the ability of its constituent epithelial cells to transport water and small uncharged solute molecules at critical sites serving to support and maintain spermatozoa in the lumen.
